Electromigration ͑EM͒ in a 1-m-thick Cu thin line was investigated by in situ coherent x-ray diffraction microscopy ͑CXDM͒. Characteristic x-ray speckle patterns due to both EM-induced voids and thermal deformation in the thin line were observed in the coherent x-ray diffraction patterns. Both parts of the voids and the deformation were successfully visualized in the images reconstructed from the diffraction patterns. This result not only represents the first demonstration of the visualization of structural changes in metallic materials by in situ CXDM but is also an important step toward studying the structural dynamics of nanomaterials using x-ray free-electron lasers in the near future.
I. INTRODUCTION
Atomic diffusion caused by momentum transfer from conducting electrons is a phenomenon known as electromigration ͑EM͒.
1 Under a high current density of ϳ10 6 A / cm 2 , voids and hillocks form around the interconnecting wires due to EM and often result in the failure of Cu wiring layers in large-scale integration ͑LSI͒ circuits. 2, 3 To enhance the reliability of LSI circuits and design new LSI structures, understanding the mechanism of deterioration in Cu wiring layers is important. The evaluation of structural changes in wiring layers induced by EM has been carried out by electron microscopy, x-ray microscopy, 4,5 and x-ray microdiffraction. 6 Transmission electron microscopy ͑TEM͒ is a wellestablished microscopy technique with atomic resolution. Recently, EM-induced surface atomic steps in Cu lines have been observed by in situ TEM. 7 TEM is a powerful tool for evaluating local structures in metallic foils thinner than a few hundred nanometers. Hard x-ray microscopy equipped with a Fresnel zone plate is a promising method of x-ray microscopy and was recently developed at synchrotron x-ray radiation facilities, which can currently achieve about 30 nm resolution. 8 Until now, both Cu thin lines and EM-induced voids in a LSI structure has been three-dimensionally observed by hard x-ray tomographic microscopy. 9, 10 Mass transport of the early stages of EM in a Cu line has been investigated by dynamical x-ray microscopy. 5 Polychromatic microdiffraction equipped with Kirkpatrick-Baez mirrors is also a powerful tool for characterizing mesoscopic length scale structures of polycrystalline materials. 6 Until now, grain orientation, 11 plastic deformation, 12 dislocation arrangement, 13 and grain deformation and rotation 14 induced by EM on interconnects have been evaluated by the microdiffraction technique. However, it is difficult for these x-ray techniques to observe samples with nanometer-scale resolution due to the fabrication limit of x-ray optical devices. In situ coherent x-ray diffraction microscopy ͑CXDM͒, which is first demonstrated in the present study, is a promising tool for observing EM-induced structural changes in micrometerthick lines with nanometer-scale resolution. CXDM [15] [16] [17] [18] is a fairly new lensless x-ray imaging technique using coherent x-ray scattering. The sample is illuminated by x rays with a well-defined wave front, and its diffraction pattern is measured. Images are derived by applying phase retrieval algorithms [19] [20] [21] to the diffraction pattern. In principle, the spatial resolution of CXDM is half of the wavelength of the incident x rays. The first implementation of CXDM was reported by Miao et al. in 1999 . 15 Subsequently, various CXDM studies have been performed in experiments using synchrotron radiation, [22] [23] [24] [25] [26] [27] [28] 29 and a vacuum ultraviolet freeelectron laser. [30] [31] [32] Many researchers planned to carry out CXDM using x-ray free-electron lasers ͑XFELs͒, which are a next-generation x-ray source under construction at several facilities around the world. The XFEL is predicted to provide extremely intense femtosecondpulse x rays with almost full spatial coherence. CXDM is therefore expected to establish a new frontier in structural dynamics studies of nanomaterials. For example, in situ CXDM can be used to study the dynamics of precipitates and/or pore growth or shrinkage during material processing. 33 In the present article, we report the which has been developed at SPring-8, as an important step toward the use of XFELs. Figure 1͑a͒ shows a scanning electron microscope ͑SEM͒ image of the Cu thin line sample. A 1-m-thick Cu film was deposited on a 270-nm-thick SiN membrane by electron-beam evaporation using a mask. 34 1-m-wide thin lines and 300-nm-wide adjacent connections, which simulate via structures in LSI circuits, were fabricated in the Cu film using a focused ion beam. The Cu/ SiN in a 60ϫ 60 m 2 area around the connections was completely removed to avoid scattering x rays from the membrane. Figure 1͑b͒ shows a schematic of the system used for applying dc to the thin line sample during the CXDM measurements. The SiN membrane chip supporting the Cu thin line was held between a Bakelite base and acrylic resin clips. The sample holder was mounted on a stage in the vacuum chamber. A dc of 32 mA was applied to the Cu thin line via Cu wires from outside the chamber. Estimated current density was 3.2 ϫ 10 6 A / cm 2 for the 1-m-wide thin lines and 5.3 ϫ 10 6 A / cm 2 for the 300-nm-wide adjacent connections. Figure 1͑c͒ shows the time dependence of the increase in resistance. When the resistance increased by 0, 0.05, 0.1, 0.3, 0.7, 1.0, 1.5, and 2.0 ⍀, the application of dc was temporarily stopped to measure coherent x-ray diffraction patterns. These measurements were carried out at BL29XUL ͑Ref. 34͒ in SPring-8, Japan 5 keV x rays irradiated the thin line including the adjacent connections through a 20 m pinhole slit. The lateral coherence length of the incident x rays at the sample position is considered to be similar to the beam size along the vertical direction and ϳ5 m along the horizontal direction. To illuminate the thin line by x rays with better coherence, the sample was mounted on a stage so that the longitudinal direction of the thin line was in the vertical direction, as shown in Fig. 1͑b͒ . The experimental setup for the CXDM measurements is similar to that described in our previous report.
II. EXPERIMENT
35 Forward x-ray diffraction intensities were collected using an in-vacuum frontside-illuminated chargecoupled device ͑CCD͒ detector with a pixel size of 20 ϫ 20 m 2 that was placed 2.924 m downstream of the sample. Guard slits were used to suppress parasitic x rays scattered from the pinhole. A direct beamstop was positioned in front of the CCD detector. It took 6.3 h to collect the data of each diffraction pattern. The exposure time of x rays was 2.7 h, where 2.2 h were for the sample measurement and 0.5 h was for the background measurement. The total readout time from the CCD was 3.6 h.
III. RESULTS AND DISCUSSION
Figures 2͑a͒-2͑d͒ show the coherent x-ray diffraction patterns of the Cu thin lines when the increases in resistance were ⌬0.3, ⌬0.7, ⌬1.5, and ⌬2.0 ⍀. To the right of each diffraction pattern, a closeup of the pattern surrounded by a white square is displayed in a different color. Since the diffraction patterns measured at ⌬0, ⌬0.05, ⌬0.1, and ⌬0.3 ⍀ were almost identical and those at ⌬1.0 and ⌬1.5 ⍀ were also the same, these diffraction patterns are represented by those at ⌬0.3 and ⌬1.5 ⍀, respectively, in Fig. 2 . In the diffraction pattern at ⌬0.3 ⍀, the speckle patterns spreading to the upper right and lower left result from the 300-nm-wide adjacent connections in the sample. Similar speckle patterns can also be seen in the other diffraction patterns. The direction in which the speckle patterns spread rotates clockwise as the resistance increases, which is schematically drawn in Fig.  2͑e͒ . This implies that the adjacent connections leaned right as the resistance increased. In the diffraction patterns at ⌬0.7 ⍀ and higher, characteristic speckle patterns that were not observed at ⌬0.3 ⍀ can be seen in the upper left and lower right directions. A part of the characteristic speckles is colored and the directions are shown by dotted lines. The process of change in both the speckles and the directions is schematically drawn in Fig. 2͑e͒ . The size of the speckles decreases as the resistance increases. The direction in which the speckle patterns spread and the speckles themselves rotate counterclockwise as the resistance increases. This implies that a characteristic structure was produced in the thin line between ⌬0.3 and ⌬0.7 ⍀, and its size increased and shape changed as the resistance increased. The coherent x-ray diffraction intensity corresponds to the magnitude of the Fourier transformation of the projection image of the sample. Both the size and shape of the structure can be estimated from the characteristic speckle. Table I summarizes the estimated structures. The structure is an EM-induced void in the thin line. Many line-shaped speckles can be seen in the diffraction pattern at ⌬0.3 ⍀, as indicated by the black arrows in Fig. 2͑a͒ . As the resistance increases, the line- shaped speckles disappear, and the large speckles are produced, which implies that the width of a part of the thin line decreased as the resistance increased.
To evaluate the process of the EM-induced structural changes in the thin line, images were reconstructed from the diffraction patterns. Even if the sample is one-dimensionally long such as the thin line, when it has a specific structure that is the ladderlike shape in the present sample and the twodimensional oversampling ratio, which was ϳ25 in the present measurement, is more than 2, it is possible to reconstruct sample images by using an exact support which is the nonzero region in the real space. 36 The reconstruction was carried out by the following procedure: ͑i͒ a randomcomplex-number array in real space was generated with a size of 1201ϫ 1201 pixels. A fast Fourier transform ͑FFT͒ was applied to the real-space array. The magnitudes of the output complex values in the experimentally measured region were replaced with the diffraction data, while the maximum value of the diffraction data was set in every pixel of the central region, which was unmeasured region because of the presence of a direct beamstop. 37 Next, an inverse FFT ͑IFFT͒ was applied to the complex values. The resultant realspace array is the initial image. The support was initially derived from the SEM image. ͑ii͒ A real-space constraint of Fienup's hybrid input-output algorithm 20 is applied to the real-space array. An FFT is then applied to the real-space array. ͑iii͒ The magnitudes of the output complex values in the experimentally measured region were replaced with the diffraction data. An IFFT was applied to the complex values. Steps ͑ii͒ and ͑iii͒ are repeated 10 000 times. The magnitudes of ten independent complex images, i.e., ͉ 1 ͉ , ͉ 2 ͉ , ... ,͉ 10 ͉, were reconstructed. The reconstruction error ͑R i,j ͒ of two independent images ͉͑ i ͉ and ͉ j ͉͒, R i,j = ͚͉͑ i ͉ − ͉ j ͉͒ / ͚͉͑ i ͉ + ͉ j ͉͒, was used to evaluate the reliability of the reconstruction process. The support was manually modified so that the error decreased. The five most similar ͉͉ images were averaged to produce the final image. It was considered that ͉͉ is almost proportional to the projection of the electron-density distribution of the sample. R i,j values of each final image were ϳ10%. The reconstruction error is slightly large compared to that in previous experiments on a completely isolated sample. It is likely that the imperfect reconstruction is due to the reduction in the contrast of the interference intensities caused by the intensity integration over the CCD pixels, 38 the illumination of the sample by partially coherent x rays, 39 and the curved beam illumination from the pinhole. Although the reconstruction was imperfect, it was confirmed by a simulation that voids around the ladderlike shape can be visualized.
Figures 3͑a͒ and 3͑b͒ show SEM images of the thin line observed before and after measuring all the diffraction patterns, respectively. EM-induced voids are formed at dark ar- Relationship between the characteristics speckles observed at ⌬0.7, ⌬1.5, and ⌬2.0 ⍀ and the objects estimated from the speckles. eas indicated by red and pink arrows in Fig. 3͑b͒ . The adjacent connection of the thin line is distorted in comparison with that in Fig. 3͑a͒ . Figure 3͑c͒ shows the image reconstructed from the diffraction pattern at ⌬0.3 ⍀. The image is displayed in grayscale. The white color corresponds to higher-density regions, while the black color corresponds to lower-density regions. Part of the reconstructed image is unrealistically bright. This is thought to be due to both the intensity integration over the CCD pixels 38 and the insufficient x-ray coherence. 39 This tendency was also seen in the images reconstructed from the diffraction patterns at other resistances. The size and shape of the void indicated by the pink arrow in Fig. 3͑b͒ are consistent with those of the estimated object shown at ⌬2.0 ⍀ in Table I . The characteristic speckles seen in Figs. 2͑a͒-2͑d͒ therefore result from the void, although the real image was not reconstructed. Figures  3͑d͒-3͑g͒ show the images reconstructed from the diffraction patterns in Figs. 2͑a͒-2͑d͒ , respectively. The area surrounded by the blue square in Fig. 3͑c͒ is displayed. The images were normalized by the summation of intensities in each image. The adjacent connection gradually leans to the lower right as the resistance increases, which is almost consistent with the estimation from the diffraction patterns. The deformation is thought to be due to the thermal stress induced by current heating. A black region can be seen at the position indicated by the red arrow in the reconstructed image at ⌬0.7 ⍀, which is similar to the area of the EM-induced void seen in the SEM image. At ⌬1.5 ⍀, the black region extends in the longitudinal direction. At ⌬2.0 ⍀, the black region is slightly larger. It is clear that the black region corresponds to the EM-induced void. The growth process of the line-shaped void is successfully visualized in the reconstructed images. In addition, it was confirmed by a simulation that the change in the line-shaped speckles seen in Fig. 2 is due to the reduction in the Cu linewidth at the area indicated by the red arrow.
The average brilliance of x rays radiated from in-vacuum undulator installed at BL29XUL in SPring-8 is ϳ10 20 ͑photons/ mm 2 mrad 2 s in 0.1% bandwidth͒, 40 while that of the Japanese XFEL is estimated to be ϳ10 21 ͑photons/ mm 2 mrad 2 s in 0.1% bandwidth͒. 41 Therefore, if the dynamic range of CCD detectors is improved and the readout time becomes short, the diffraction data can be collected quickly ten times. Moreover, coherent high dense x rays can be produced by focusing XFEL because it has almost full spatial coherence. When x-ray beams are focused, the x-ray illumination area becomes small. For the present method, the maximum value of the size of samples is limited by the focusing spot size. Therefore, according to the size of samples, it is effective to use ptychography 27 or keyhole imaging. 28 As the result, measurement time can be shortened further. On the other hand, radiation damage of the sample will be serious. When the sample is irradiated by high-peak brilliance x rays such as XFEL pulse x rays, it is not understood how the sample is changed. At least, metallic samples should be more resistant to radiation than biological samples.
In the present study, the small angle x-ray scattering data were collected, which offered electron density distribution of the Cu thin line, while the coherent diffraction intensity data near the Bragg peaks offer strain distribution in addition to electron density distribution. 16 For the latter method, the sample is limited to the single crystal or the single grain in a polycrystal. For polycrystalline samples such as the present thin line, CXDM using Bragg peaks is useful to evaluate local structures in samples, such as strain distribution in a single grain near an interconnect.
IV. CONCLUSION
In situ CXDM under the application of a dc was developed at SPring-8 as a step toward the use of XFELs and was applied to evaluate EM in a 1-m-thick Cu thin line. Both EM-induced voids and thermal deformation in the thin line were made to appear characteristic x-ray speckle patterns in the coherent x-ray diffraction patterns, which were successfully visualized in the images reconstructed from the diffraction patterns. The present result not only represents the first demonstration of the visualization of structural changes in metallic materials by in situ CXDM but is also an important step toward studying the structural dynamics of nanomaterials using XFELs in the near future. To trace faster EM process and to examine the three-dimensional structure of EMinduced voids with better resolution, it is necessary to use more brilliant and almost fully coherent x rays such as those from XFEL. We believe that in situ CXDM will be established as a technique for evaluating EM in LSI circuits in the near future. 
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